Introduction
Semiconductor-doped SiO 2 has been investigated for a long time, because the materials show an efficient photoluminescence (PL), which is caused by the properties of quantum confinement of semiconductor. And it becomes a very interesting material owning to its potential application in modern optoelectronics, microelectronics, and photovoltaic. During the past a few years, there are a lot of research about potential of PL of silicon films, and many ways have been explored to obtain the variety Ge-embedded granular thin films, by placing Ge in different matrices. For example Ge/ Si-on-insulator, 1) Ge/SiO 2 , 2-4) (Ge:SiO 2 )/Si, 5) Ge inserted in Si on SiO 2 , 6,7) (Ge:SiO 2 )/SiO 2 . 8) Ge crystallites show characteristic optical properties as well as possibilities for light emitting devices, because Ge crystallite has small electron and hole effective masses and a sufficient dielectric constant. When Ge crystallites are as small as in micro-meter scale, electronic and optical properties should depend on the size because the quantum effects on the electron band structure become significant, and would be controlled by changing the size distribution. The granular structure in these materials becomes noteworthy. Therefore, a considerable number of works have been devoted to study the microstructure of these materials, such as X-ray Diffraction (XRD), X-ray photoemission spectroscopy (XPS), PL spectra, Raman spectroscopy, Rutherford Backscattering (RBS), but till now there is a little study is performed by TEM, HRTEM and Tomography to give the detail information about the microstructures of materials. The images, which TEM performed, are two-dimensional projections of a three-dimensional structure. And electron tomography is a means by which a three-dimensional structure can be reconstructed from a series of images or projections, taken at regular tilt intervals, so microstructures could be determined with remarkable accuracy in all three dimensions. 9) Some material with special application often requires microstructure to be optimized in all three dimensions, so there is a pressing need to examine materials in all three dimensions to gain a full picture of the device structure.
In this present work, much attention has been put into the microstructure of (Ge:Ta 2 O 5 )/SiO 2 granular thin film. In this material, the growth of Ge granules were not only confined by neighboring Ta 2 O 5 , but also affected by additional SiO 2 substrate. Thus the grown direction, granules' size and the microstructure of Ge were influenced gradually during the fabricating process. The microstructures were observed by TEM and TEM with Tomography.
Experiment

Specimen
Granular films of Ge:Ta 2 O 5 were prepared by rf sputtering method under Ar/O 2 atmosphere on SiO 2 substrates, and annealed such samples at 850 C for 1 h subsequently. The thickness of SiO 2 substrate is about 500 mm, and the thickness of Ge:Ta 2 O 5 layer is about 3.6 mm. They were polished to be thinner and thinner by a dimple glider from the side of SiO 2 , until the thickness of their center reached about 30 mm. Then they were subjected to Ar-ion polishing until there was a hole in the center of the specimens.
Transmission electron microscopy
TEM was carried out on two different microscopes. JEM 4000 EX was used to study structures and morphologies in this experiment. EDS element maps and three-dimensional electron tomography was performed by a computer-controlled TEM (JEM 3200FSK). The exposure time was maintained as short as 2 s to avoid or suppress the effect of irradiation damage on the specimens. In general, collection images from a range from À70 to 70 or À60 to 60 at 1 -2 angular intervals. The resolution and the quality of reconstructed volume are dependent not only on the image resolution but also on the angular range and the angular range and three times the specimen thickness at AE70
, so it is necessary to prolong the exposure time to get well-defined contrast at highly tilted orientations.
After the tilt series was acquired, the transfer of data sets was completed by a UNIX workstation for fine tuning of the alignments using IMOD software.
10) Three-dimensional reconstruction was achieved by a weighted back-projection of consecutive two-dimensional slices, by AMIRA on a PC. Figure 1 shows a TEM bright-field image and its corresponding diffraction pattern of Ge: Ta 2 O 5 granular thin film. In the corresponding diffraction pattern, the indexed Bragg reflections, indicated by arrows, belong to Ge particles, and other rings are from Ta-oxide. There are a lot of particles in irregular shapes, and Moiré patterns appear in some areas of this picture. There are two sets of layers to form these Moiré patterns, and one layer is a thin film grown on the surface of another one. Some of bright contrast areas are Ge particles, whose size are 20 nm $ 50 nm, and some of them are holes, which were caused after the Ge were removed during the polishing of the specimen preparation. In the corresponding diffraction pattern inserted into Fig. 1 , one can recognize spotty reflections arising from Ge particles drawing some arcs. To make sure there are some micro-textures, some diffraction patterns were acquired in the different area, and this picture, which inserted into Fig. 1 , indicates that there are some micro-textures, and Ge granules have been grown up in a preferred orientation. This is most likely due to the fact that Ge particles are embedded in Ta 2 O 5 , and their growth is affected by confinement from the surrounding matrix. It is known that some amount of stress would be exerted on crystals, 8) and when the Ge crystallites grow up, the stress induced by the co-grown Ta 2 O 5 leads Ge granules grow in a preferred direction. Figure 2 shows a TEM bright-field image of a Ge: Ta 2 O 5 thin film taken in a high magnification. A granular structure is recognized in the image, and the particle as indicated by an arrow has been confirmed to be of Ge by EDX spectroscopy. The size of the particle is about 40 nm and the dark areas surrounding the particles are of crystalline Ta 2 O 5 . Characteristic Moiré fringes appear in the matrix phase, indicating superimposition of crystalline phases but both of these 2D images cannot show stereoscopic images of Ge and Ta 2 O 5 . Some irregular shapes of Ge particles, which are covered by Ta 2 O 5 network, cannot be illustrated by 2D images. Thus there seems to be a need for 3D reconstructed technique to fill this ground.
Results and Discussion
TEM results and discussion
STEM-EDS results and discussion
In the TEM result, there are some parts of thin film are holes, which were caused after the Ge were removed during the polishing of specimen preparation. Therefore, STEM-EDS images were used to illustrate the overview of Ge and Ta 2 O 5 distribution of this granular thin film. Figure 3 (a) shows a STEM image of Ge: Ta 2 O 5 granular thin film, and (b) $ (d) is the characteristic x-ray maps of Ta, Ge, and O respectively. It is illustrated that Ta 2 O 5 form an extended network. And there are some Ge granules, which are distributed in the middle of the Ta 2 O 5 network nearly evenly. In Fig. 3 (a) the bright contrast area indicated by a red arrow is identified to be a hole, because in Fig. 3 (b) and (c) the same place, indicated by red arrows respectively, is dark area, which shows there are no x-ray counts. That is to say Fig. 3 (b) and (c) also testify that there is nothing but a hole. Figure 3 (c) , the shapes of Ge granular indicated by arrows in the square respectively do not match to the dark area in Fig. 3  (b) , and the size of these particles is bigger in Fig. 3 (c) than that in Fig. 3 (b) , so it suggests that the position where there is a Ge granular is overlapped by Ta 2 O 5 sometimes. Figure 4 (a) shows 3D reconstructed tomography image of Ge: Ta 2 O 5 granular thin film. Here, the network of Ta oxide matrix is illustrated in bright contrast, and Ge particle is showed by the dark contrast. In addition, parts of Ge particles are observed in holes indicated by STEM-EDS images, and the shape of Ge particles is so irregular that it is not sure whether parts of them are vertical to the grown direction of Ge particles even most of them are parallel to the grown direction of Ge particles, so it is necessary to observe 3D reconstructed tomography images of Ge particles. Figure 4 (b) shows corresponding Ge 3D reconstructed tomography image. In the Fig. 4 (b) , the approximate assumption that many Ge granules are irregular in shape can be recognized clearly. Figure 5 shows a series of 3D reconstructed tomography images of Ge particles tilted around Y axis. The Ge granules can be observed in 3 dimensional images, which are generated by isosurface function of AMIRAÔ software, and some big Ge particles relating to each other. But they keep growing in their prefer orientation, which almost parallel Z axis (grown direction of Ge particles) due to the stress of surrounding Ta 2 O 5 . It could also make a conclusion that the reason why there are some characteristic Moiré fringes appear in the matrix phase is superimposition of Ge and Ta 2 O 5 crystalline phases. Figure 6 (a) shows 3D reconstructed tomography image of parts of Ge: Ta 2 O 5 granular thin film inside the square in Fig. 4 , and the yellow particles are Ge particles and the grey part is Ta 2 O 5 network. Some parts of Ge particles were covered by the Ta 2 O 5 network as showed in Fig. 6 (a) , so isosurface function of AMIRAÔ 11) software was used to isolate the Ge particles from the Ta 2 O 5 network. Figure 6 (b)-(f) are corresponding images of Ge granules tilted around X and Y axis, and some parts of Ge particles covered by the Ta 2 O 5 network were revealed. That is to say some shapes of Ge particles are irregular, and some convex parts of them in irregular shapes are not parallel to the grown direction of Ge particles even most of them are parallel to the grown direction of Ge particles, so these variant convex parts of Ge particles tangled or overlapped with Ta 2 O 5 . And the other reason is because Ta 2 O 5 tangled by themselves. They maybe not a perfect reconstruction of these Ge particles generated by software, because particle tracing, volume rendering, and isosurface extraction are done by isosurface function of AMIRAÔ software. There must be some difference between real object and reconstructed object, and the deficiency of the reconstruction is also due to the limited dataset, which are a series of projections obtained at different tilt angles.
TEM-tomography result and discussion
Conclusions
(1) In the material, there are many Moiré patterns because of superimposition of Ge and Ta 2 O 5 crystalline phases and Ta 2 O 5 crystalline phases themselves. There are also some micro-textures, and it is maybe due to the fact that Ge particles are embedded in Ta 2 O 5 , and Ge crystals have been grown up in a preferred orientation due to the confinement from the surrounding matrix. (2) In the bright-field 3D reconstructed tomography im- ages, the network of Ta 2 O 5 matrix is illustrated in bright contrast, and the granules of Ge look irregular in shape but they are distributed nearly evenly. And convex parts of some irregular Ge are identified by bright-field 3D reconstructed tomography images successfully.
